1. Introduction {#sec1}
===============

Monepantel (Zolvix^®^) was registered for the control of gastrointestinal nematode (GIN) parasites of small ruminants in New Zealand in 2009, and in others parts of the world in 2010. The compound is an amino-acetonitrile derivative, showing a wide spectrum of activity against GINs ([@bib6]). However, within several years of its release, resistance was reported in two species of worms infecting goats in New Zealand ([@bib12]). More reports of resistance have followed since that time ([@bib8], [@bib14], [@bib3], [@bib11]).

The drug targets nicotinic acetylcholine receptors of the nematode-specific DEG-3 subfamily. In *Haemonchus contortus*, *Hco*-MPTL-1 and other members of this subfamily (including *Hco*-DES-2H) are thought to be the targets of monepantel ([@bib10]). Resistance to the drug was examined before its release by applying *in vitro* drug selection pressure to the free-living larval life stages of *H. contortus* over eight generations, resulting in phenotypic resistance at both the adult and larval stages ([@bib6]). [@bib10] examined the sequences of *Hco-mptl-1* and *Hco-des-2H* genes in these resistant isolates and found a panel of mutations in *Hco-mptl-1* that resulted in miss-spliced transcripts and premature stop codons. In addition, they identified an insertion on *Hco-des-2H* that resulted in the creation of out-of-frame start codons. The authors suggested that these loss-of-function mutations may be responsible for the loss of sensitivity to the drug in these laboratory-selected resistant isolates.

[@bib9] recently described the use of *in vitro* larval development assays to examine the sensitivity of an isolate of *H. contortus* (MPL-R) showing resistance to monepantel *in vivo*. The MPL-R isolate was initiated as the survivors of a drench with a recommended dose of Zolvix^®^ that had shown a 99.2% efficacy. The progeny of these survivors were used to infect a housed animal, which was then drenched with Zolvix^®^. The progeny of the survivors were collected and used to establish infections in two further housed animals for use in the study of [@bib9]. The isolate therefore represents a field-derived laboratory-propagated isolate in which only the survivors of a drench treatment have been propagated further. A recommended dose of Zolvix^®^ shows zero efficacy against this isolate *in vivo* (unpublished data). The present study aimed to determine whether mutations of the type detected by [@bib10] in laboratory-selected isolates could also be responsible for the monepantel resistance shown by the field-derived MPL-R isolate. We report on a number of loss-of-function mutations in the *Hco-mptl-1* gene which were likely responsible for the presence of survivors following the original field drench treatment.

2. Materials and methods {#sec2}
========================

2.1. Parasites {#sec2.1}
--------------

Two isolates of *H. contortus* were used in this study;i)Kirby: isolated from the field at the University of New England Kirby Research Farm in 1982; susceptible to all commercial anthelmintics ([@bib1]).ii)MPL-R: isolated from a property in southwest Queensland, Australia, in 2014. *H. contortus* larvae were cultured from faeces collected from sheep that had shown clinical signs of scouring after a Zolvix^®^ drench treatment (drench efficacy measured as 99.2%). These larvae were subsequently used to establish infections in a housed animal. This animal was treated with a recommended dose of Zolvix^®^, and larvae were collected and used to infect two further animals. Larvae collected from these animals were used for the present study. The recommended dose of Zolvix^®^ shows zero efficacy against the isolate.

Sheep infected with the Kirby isolate were housed at the CSIRO McMaster laboratory, Armidale, NSW. Sheep infected with the MPL-R isolate were housed at the Invetus animal house facility in Armidale, NSW. Faeces were collected and sent by overnight courier to the CSIRO laboratory in Brisbane, QLD, and used to establish faecal cultures. Third-stage larvae (L3) were collected from faecal cultures which had been incubated for 7 days. The L3 were allowed to pass through a 20 μm filter, and stored at 15 °C until used for molecular analyses within 2 weeks.

2.2. Preparation of RNA/cDNA/genomic DNA, and sequence analysis {#sec2.2}
---------------------------------------------------------------

RNA was isolated from pools of 10,000 Kirby or MPL-R L3 stage larvae using the RNeasy^®^ mini kit (Qiagen, Hilden, Germany), with an on-column DNase (Qiagen) digest step during the extraction process. cDNA was prepared using the Superscript^®^ III First-Strand Synthesis Kit (Invitrogen, Carlsbad, USA), and diluted 1/5 with water before using in PCR. PCR was carried out with primers designed from *H. contortus* acetylcholine receptor monepantel-1 mRNA sequence (Acc No. [FJ807280](ncbi-n:FJ807280){#intref0010}). Primers were designed, using Primer 3, to cover the whole coding sequence (Hc.mon-1.F1/R1), as well as various internal primers for sequencing (Hc.mon-1.F2-F5, R3) ([Table 1](#tbl1){ref-type="table"}).Table 1Primers used for PCR of full length *Hco-mptl-1* cDNA, sequencing of cDNA, and PCR of genomic DNA intron 15.Table 1Primer useNotation5′-3′ SequencePCR of full length cDNAHc.mon-1.F1GAGGGCAACAATTTCCTTCAHc.mon-1.R1GAACTCCAATTAATTTATCcDNA sequencingHc.mon-1.F2CATGGATGACCACGACACTCHc.mon-1.R3AAATGTCCAACTGCCGAAAGHc.mon-1.F3GGGTTCTTCAGCTCATCGTCHc.mon-1.F4GCCAAAGAACAGGCACAAATHc.mon-1.F5TCGTCCTTTCCAGACATTGAPCR of intron 15Hc.intron15.F1CAAGTGCCGAAGAAAAGTTGCAHc.intron15.R1ATGCGCACGTACTCATTTTG

PCR reactions contained 50 ng of cDNA, 200 μM each dNTP and 1.0 unit of Taq DNA polymerase (Advantage 2 Polymerase mix, Takara Bio, USA) in reaction buffer, with primers at a concentration of 0.25 μM. Cycling conditions were an initial denaturation of 95 °C × 1 min, followed by 40 cycles of 95 °C × 15 s, 51--64 °C (temperature dependent on specific primer set) × 15 s, 68 °C × 1 min and a final extension at 70 °C × 10 min. PCR products were cloned directly into pGEM-T Easy vector (Promega, Madison, USA) according to the manufacturers\' instructions. Clones were prepared with the QIAprep^®^ spin miniprep kit (Qiagen) and sequenced using Big Dye Terminator v3.1 on an ABI PRISM 3700 genetic analyser with M13F/R primers and the internal primers listed in [Table 1](#tbl1){ref-type="table"}. BLAST was used to confirm the cloned sequence was acetylcholine receptor monepantel-1 (*Hco-mptl-1*). Sequences were manually observed for overlapping sequence, trimmed, pasted together, and aligned in MEGA6 ([@bib13]).

Genomic DNA was isolated from pools of 10,000 Kirby or MPL-R L3 stage larvae using the QIAamp^®^ DNA Mini kit (Qiagen). PCR reactions contained 50 ng of genomic DNA, 200 μM each dNTP and 1.0 unit of taq (Advantage 2 Polymerase mix) in reaction buffer, with primers at a concentration of 0.25 μM. Primers are shown in [Table 1](#tbl1){ref-type="table"}. Cycling conditions were an initial denaturation of 95 °C × 1 min, followed by 40 cycles of 95 °C × 15 s, 68 °C × 15 s, 68 °C × 1 min and a final extension at 70 °C × 10 min. PCR products were cloned, then sequenced using M13F/R primers, and aligned in MEGA6, as described above.

3. Results and discussion {#sec3}
=========================

Sequencing of the *Hco-mptl-1* gene in 21 cDNA clones prepared from a pooled sample of Kirby isolate larvae resulted in sequences showing the presence of some SNPs, resulting in altered predicted amino acid residues in a number of instances, however all sequences were predicted to code for full length MPTL-1 proteins (564 amino acids (AA) (GenBank Acc. No. KY983245--KY983253). cDNA sequence coding for predicted full length proteins was also present in 17 out of 33 clones derived from a pooled sample of MPL-R larvae. On the other hand, the remaining 16 MPL-R clones showed the presence of various mutations resulting in truncated predicted proteins ([Fig. 1](#fig1){ref-type="fig"}):1.intron 15 retained in 11/33 clones; resulting in a premature stop codon near the start of the intron sequence; protein length = 448 AA; missing the predicted transmembrane 4 domain (KY983239).2.loss of exon 12 in 1/33 clones; protein length = 537 AA; missing the predicted transmembrane 3 domain (KY983240).3.loss of exon 4 in 1/33 clones; resulting in a premature stop codon at the start of exon 5; protein length = 18 AA; missing all four predicted transmembrane domains (KY983241); identical to the m2 mutant described by [@bib10].4.2 nucleotide (nt) deletion in 1/33 clones; 2 nt deletion at the exon 15/16 junction, resulting in a premature stop codon, protein length = 447 AA; missing the predicted transmembrane 4 domain (KY983242).5.single nt change; 't' to 'g' transversion in exon 7, resulting in a premature stop codon; protein length = 148 AA; missing all four predicted transmembrane domains (KY983243).6.single nt deletion in exon 7, resulting in a premature stop codon; protein length = 158 AA; missing all four predicted transmembrane domains (KY983244).Fig. 1Schematic of mutations identified in *Hco-mptl-1* cDNA from the sequencing of clones derived from a pooled sample of MPL-R isolate larvae (wt = wild type). The approximate positions of the four predicted transmembrane domains (numbered 1--4) are shown on each of the wt cDNA sequences. For the mutant cDNA sequences, only the transmembrane domains that would be present on the predicted proteins are shown.Fig. 1

We looked more closely at the retention of intron 15 (number 1. above) by sequencing the genomic DNA across this intron from Kirby and MPL-R larvae (KY983254, KY983255). The intron sequence was almost identical in 10 clones from Kirby larvae, with presence of just 1 SNP in two separate clones ([Fig. 2](#fig2){ref-type="fig"}). This intron sequence was also present in 12/18 clones from MPL-R larvae. However, SNPs at 17 different positions were present in the remaining 6 clones from MPL-R larvae. The SNPs at 14 of the positions occurred in all 6 sequences, while 1 SNP was present in 5/6 sequences, and another was present in only 1/6. The SNPs occurred in positions at least 30 nucleotides from the 5′ and 3' ends of the intron, and, hence do not interfere directly with the splice acceptor or splice donor sites. The possibility that these mutations could create or remove motifs important for alternative splicing exists, but the gene has not yet been characterised sufficiently for us to predict whether this occurs.Fig. 2Schematic of *Hco-mptl-1* intron 15 genomic DNA from the sequencing of clones derived from separate pooled samples of Kirby and MPL-R isolate larvae. Arrows and fractions indicate approximate position and frequency of SNPs.Fig. 2

It is clear that there are a number of mutations present in the *Hco-mptl-1* gene in the MPL-R isolate of *H. contortus* that would most-likely result in the generation of non-functional drug receptors. Most of the observed mutations resulted in truncation of the protein, with the loss of predicted transmembrane 4 domain or domains 1--4, while a single mutation resulted in the skipping of exon 12, with the loss of transmembrane domain 3. Half of the clones derived from MPL-R larvae showed the presence of one of these mutations, while the most frequent mutation, retention of intron 15, occurred in one-third of the clones. The present study therefore indicates that changes to the monepantel receptor, *Hco-*MPL-1, are likely to be at least partly responsible for the resistance shown by the MPL-R isolate towards this drug. Only one of the mutations observed here (number 3: loss of exon 4, truncated) was also reported by [@bib10] in their two laboratory-selected resistant isolates.

[@bib9] showed that LDA assays measuring the response of MPL-R larvae to monepantel resulted in a 2-step dose response curve that subdivided the population into two separate sub-populations showing low- and high-level resistance, with resistance factors of approximately 7- and 1000-fold, respectively, compared to Kirby larvae. The high level resistant component represented approximately 60% of the total worm population. It is unclear how the presence of mutations in the *Hco-mptl-1* gene observed in the present study relate to the reduced drug sensitivity measured in the two worm sub-populations. However, the presence of two sub-populations suggests that at least two loci, including one containing the *Hco-mptl-1* gene, are involved in the observed resistance. Mutations at one or more of the loci would appear to confer a much higher degree of resistance compared to others. The loss of a drug receptor would be expected to have a more profound effect on drug action than a mutation that reduces binding affinity (for example, beta-tubulin SNPs and benzimidazole drugs; [@bib7], [@bib4]) or mutations resulting in increased detoxification activity that reduce the amount of drug reaching its target site. It is therefore likely that the high level resistance shown by sub-population 2 in larval development assays (resistance factor \> 1000-fold) is associated with the mutations in the *Hco-mptl-1* gene reported here, however, this requires confirmation. Resistance shown by aphids towards pyrethroid and neonicotinoid insecticides have shown a pattern of low level detoxification-based resistance, followed by much higher levels of resistance appearing in field populations as a result of target site mutations ([@bib2]).

We found that approximately 50% of the *Hco-mptl-1* alleles were wild type in the MPL-R population. This may be interpreted in several ways: firstly, the presence of many wild type alleles may be a result of a significant component of the surviving adult worm population after the initial field drench treatment being heterozygous at the *Hco-mptl-1* locus, with the resistance-causing mutations being dominant. A further complexity may exist where a dominant negative effect might be induced by incompletely penetrant alternative splicing, so that a resistance allele may at times produce an alternate protein which interferes with channel formation (for example), whilst not at other times; in this way, the summation of the effect across cells in two individuals of the same genotype might differ. Alternatively, if 2 loci are involved in the resistance phenotype, as suggested by the larval development assay data of [@bib9], then the presence of many wild type *Hco-mptl-1* alleles in the drench survivors may be a result of a mutation at the second locus conferring resistance in some individuals, allowing them to survive the drench despite possessing a functional MPTL-1 receptor. These individuals who survived the drench due to the mutation at the second locus could have been homozygous wild type or heterozygous at the *Hco-mptl-1* locus, with the *Hco-mptl-1* mutations being recessive. Another factor that may be important when considering the relative numbers of wild type and mutant alleles is the fact that the presence of just one or two truncated subunits in the pentamer forming the homomeric channel may be enough to disrupt the functioning of the channel. In addition, we did not measure the expression levels of the *Hco-mptl-1* gene in the present study, and hence have no information as to whether downregulation of the full length gene may be a component of the resistance. Further study will be required to examine these, and other, possibilities.

The most frequent mutation was the retention of intron 15, resulting in a premature stop codon immediately after exon 15. Our analysis of genomic sequences of intron 15 showed the presence of many polymorphisms in one-third of the sequences from the MPL-R larvae. Hence, at present it is not possible to identify specific nucleotide changes that may be responsible for interfering with the splicing mechanism leading to retention of the intron. The presence of many wild type intron 15 sequences in MPL-R larvae is in agreement with our observations of the coding region.

The present study has important implications for drug resistance diagnostics and anthelmintic discovery:

1\) Many separate mutations in the *Hco-mptl-1* gene in *H. contortus* may confer resistance due to the loss of the drug target site. We sequenced only 33 clones from a pooled larval sample of the MPL-R isolate and hence our study is certainly not exhaustive. It is likely that more mutations would have been revealed by sequencing of further clones from this pooled larval sample, or by the sequencing of individual larvae. [@bib10] detected additional mutations in laboratory-selected isolates. A molecular diagnostic for drug resistance that focuses on mutations in the *Hco-mptl-1* gene must therefore cover the entire cDNA sequence. An alternative diagnostic approach could use western-blotting with an antibody directed against the amino terminus of the *Hco*-MPTL-1 protein to detect truncated versions.

2\) [@bib10] suggested that the presence of many mutations in the *Hco-mptl-1* gene in their laboratory-selected isolates indicated that the gene may not be essential in *H. contortus*. Similarly, the MPL-R isolate remains viable in the presence of many mutations to the monepantel receptor gene, indicating that the *Hco-*MPTL-1 protein is most likely not essential for the worm. Given that *H. contortus* is known to be highly polymorphic (reviewed in [@bib5]), it is perhaps not unexpected that many mutations will exist in a gene that codes for a non-essential protein as the mutations will have very little or no negative impact on the fitness of the worm. Hence, these mutations which confer drug resistance through the loss of a functional receptor will be rapidly selected for by drug exposure. On the other hand, where a receptor is essential for the worms' fitness, mutations that interfere with drug binding while retaining receptor function will likely be scarce compared to mutations for which there is no functional constraint. In the former case, selection for resistance would be expected to be slower, starting from a lower resistance allele frequency, and possibly involving selection at other loci to compensate for losses in fitness. This suggests that it may be important in the future to focus on drugs which interact with essential target proteins in anthelmintic discovery programmes.

Nucleotide sequence data reported in this paper are available in the GenBank, EMBL and DDBJ databases under accession numbers: KY983239--KY983255.
